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We consider the contributions to the neutrinoless double beta decays in a SU(3)l <8> U(1)n elec- 
troweak model. We show that for a range of the parameters in the model there are diagrams 
involving vector- vector-scalar and trilinear scalar couplings which can be potentially as contributing 
as the light massive Majorana neutrino exchange one. We use these contributions to obtain con- 
straints upon some mass scales of the model, like the masses of the new charged vector and scalar 
bosons. We also consider briefly the decay in which besides the two electrons a Majoron-like boson 
is emitted. 

PACS numbers: 23.40.-s: 12.60. Cn; 14.60. St 



I. INTRODUCTION 

The issue of neutrino masses continues to be a golden 
plate in elementary particle physics. Although data com- 
ing from solar M, atmospheric and the accelera- 
tor LSND H neutrino experiments strongly suggest that 
neutrinos must be massive particles, direct measurements 
did not obtain any positive result Q . 

It is a very well known fact that if neutrinos are mas- 
sive Majorana particles it should exist the neutrinoless 
double beta (f3/3)o v decay H|). If the neutrino mass is 
the main effect that triggers this decay, the decay lifetime 
is proportional to (for the case of light neutrinos) 



(M„) 



', U Bi m Ui 



(1) 



where U e 



1,2,3 denote the elements of a mixing 



matrix that relates symmetry v a \ a — e,fi,T and mass 
eigenstates i>i through the relation v a = J2iU a iVi; and 
m Ui are the neutrino masses. Experimentally a half life 
limit T°Y 2 > 1.8 x 10 25 yr implies § 



{M v ) < 0.2 eV. 



(2) 



The important point is that the (/3/3)q v decay probes 
the physics beyond the standard model. In particular 
the observation of this decay would be an evidence for a 
massive Majorana neutrino although it could say noth- 
ing about the value of the mass. This is because al- 
though right-handed currents and/or scalar-bosons may 
affect the decay rate, it has been shown that whatever 
the mechanism of this decay is, a nonvanishing neutrino 



mass is required for the decay to take place ||. However, 
this does not mean that the neutrino mass is necessarily 
the main factor triggering this decay. In some models 
the (/3/3)oi/ decay can proceed with arbitrary small neu- 
trino mass via scalar boson exchange |J. The mecha- 
nism involving a trilinear interaction of the scalar bosons 
was proposed in Ref. [flo| in the context of a model with 
SU(2) ® U(l) symmetry with doublets and a triplet of 
scalar bosons. However, since in this type of models there 
is no large mass scale, it was shown in Refs. |ll[] that the 
contribution of the trilinear interactions are in fact neg- 
ligible. In general, in models with that symmetry, a fine 
tuning is needed if we want that the trilinear terms give 
important contributions to the {(3(3)q v decay fls|,|l2"||. 

Here we will show that in a model with gauge symme- 
try SU(Z) c ®SU(Z) L ®U{l) N (3-3-1 model by short) ||, 
which has a rich Higgs bosons sector as in the multi-Higgs 
extensions of the standard model, there are new contri- 
butions to the (PP)of decay. However, unlike the latest 
sort of models, a fine tuning of the parameters of the 3- 
3-1 model is not necessary since some trilinear couplings, 
which have mass dimension, could imply an enhancement 
of the respective amplitudes (See. Sec. |n|). 

We will use the following strategy: First, we consider 
the several new contributions to the (PP)ov decay intro- 
duced by the 3-3-1 model. Next, once this decay has 
not experimentally been seen, we will consider the usual 
standard model amplitude (that would arise with mas- 
sive Majorana neutrinos) as the reference one and make 
the assumption that all the new amplitudes are at most 
as contributing as this one. Hence, we can obtain con- 
straints on some typical mass scale 3-3-1 parameters. The 
new contributions to the (/3/3)oi/ decay are of the short 



1 



range type |l4[ . Since the respective matrix elements are 
different from those of the long range contributions (the 
exchange of a light-Majorana neutrino) our results should 
be considered only as an indication of the possible large 
contributions to this decay in the context of the 3-3-1 
model. 

The outline of the paper is the following. In Sec. |l| 
we introduce the interactions which are relevant to the 
present study. The model with (a®) ^ 0, which is some 
cases it has a Majoron-like Goldstone boson, is also dis- 
cussed. In Sec. pT| we consider the more important con- 
tributions to the(/3/3)oi/ decay and the constraints upon 
some masses of the model. In Sec. [i^ we show that if 
we add a neutral scalar singlet to the minimal model 
a Majoron-like Goldstone boson is consistent with the 
Z° invisible width and we also discuss briefly the Ma- 
joron emission process (/3/3)oi/A/ comparing the relative 
strength of two amplitudes. Our conclusions remain in 
the last section. 



II. THE MODEL 

Here we will consider the 3-3-1 model with the leptons 
belonging to triplets (yi I l c ) T ; I = e, fj,,T and in which a 
sextet of scalar bosons 
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s/2 


V2 



(6,0) 



(3) 



is necessary to give to the charged leptons a mass if 

(4) = Va2 p. 

Most of the phenomenological studies of the model has 
been done by considering (a®) = v ai = 0. The case when 
(crj) 7^ it was considered in Ref. 01|, where the other 
scalar multiplets are explicitly given. The main difference 
in the latter case with respect to the former one is that 
there is a mixing between the vector bosons W + and V + : 



where S = {g 2 /2)(2v <7l v tT2 ). 



(4) 



and My are the mass 



eigenvalues when 5 = 0; if S =^ (i.e. when v ai 7^ 0) the 
mass of the physical fields are now 



2M 1)2 = (M w + M v ) 



M v f + 4<5 : 



I 1/2 



(5) 



and VJ+ are related to the new mass eigenstates W± and 



W. 



2/i 



W+ 

v+ 



C0 Sg 
-SB Cg 



(6) 



with tan 29 = —26/ (M^ — My). We can obtain an upper 
bound on 5 by assuming that the main contribution to 
the M^y mass is given by w CT2 w 246 GeV and that v ai 
has its maximum value 3.89 GeV allowed by the value 
of the p-parameter p6[ . In fact if v a2 were the main 
contribution to the Mw mass we would have 8/M^ w 
(2v ai /v a2 ) < 0.032. The constraint on the mixing angle 
9 is: 



1 



M 2 



M 2 W 



[AS 2 



(My 



M^)2]l/2 



< 



1 



(7) 



Some illustrative values for sg are obtained by using 
typical values for the parameters. For instance, for v ai — 
3.89 GeV; v a2 = 10 GeV, M w = 80.41 GeV and M v = 
100 (300) GeV we get s 2 g = 1.9 x 10- 5 (3.4 x lO" 8 ); or if 
My = 100 GeV and if v a2 has its maximal value v a2 = 
246 GeV we have s 2 B = 1.1 x 10~ 2 . We see that only 
for values of My ps Mw the Sg is almost 0.5 but this 
light vector boson may be not phenomenologically safe. 
However if v ai is of the same order of magnitude of the 
neutrino mass smaller values for the mixing angle are 
obtained. Hence, it may be no relevant for the collider 
physics and low energy processes like the (PP)ou decay 
at all and in practice « W + , W} w V + ; but this 
could not be the case in astrophysical processes j[5j . 

Next, we consider the several interactions that are 
present in this model. The scalar-quark interactions are 



/x \/2 — 

D L V^ KM M U U R p-+^-U L V c ^M d D R 77+ 

\Vp\ \Vri\ 



D L (Vif A V£M u Ur 



V2 _ V2 
1 — r Vi - i — r P 



U L (YD 1 A VtM d D R 



V2 



V2 



H.c. 



(8) 



with 




(9) 



and we have defined M w 



M 2 



(g 2 /2)(v 2 +v 2 p + vl 2 +vl i ), 
2 /2){v 2 +vl+vl 2 +vl i ) and g is the SU(3) L cou- 
pling constant which is numerically equal to the coupling 
of SU(2) L i.e., g 2 = &M W G F /V2. We have denoted by 
v n , v p and v x the vacuum expectation values of the neu- 
tral components of the triplets. Notice that Mi — * Mw 
and M2 — > My when 8 — * 0. The vector bosons 



and V?' are unitary mixing matrices, and M u ' d are the 
diagonal mass matrices of the u-like and d-like quark 
sectors, and Vckm denotes the usual mixing matrix of 
Cabibbo-Kobayashi-Maskawa. 

The Yukawa interactions in the lepton sector are 



1 



V2 



1 



V2 



2 



IlIC 3 (Il) c H^ 



{1-) L 1C A 1 R H+ + 



(10) 



where Id = E^GEr, K 2 = E' L GE^*; JC 3 = E L GE L , 
tC 4 = E^GEr; K\ = E^G'Er, K' 2 = E\G'E V L *; G and 
G' are symmetric and antisymmetric (they can be com- 
plex) matrices, respectively. Er, El, E v l are the right - 
and left-handed mixing unitary matrices in the lepton 
sector relating symmetry eigenstates (primed fields) with 
mass eigenstates (unprimed fields) |Q: 



Ir — ErIr, 



I'l — E L l Ll v L — E v L v L , 



Some of the couplings in Eq. ( |l0| ) do not depend on the 
charged lepton masses and since all matrices in Eq. ( JTo) ) 
are not unitary, the model breaks the lepton universality 
but it can be shown that, for the massless neutrino case 
no strong constraints arise from exotic muon and tau 
decays Q. 

In the scalar sector we have also mixing angles. In the 
singly charged sector we have cf)~ = Y^i^ijHJ , where 

4>T = Vi,V2,P~,X~,K, h 2 and j = 1, 6 denotes 
the respective mass eigenstate field; similarly in the dou- 
bly charged sector we have = Yli^ij^j > w *th 
9~ = p—,x~~,H~,H^- and 9J~, j = 1, 4 the 
respective mass eigenstate fields. However, in the follow- 
ing we will use H~ and H~~ as typical mass eigenstates 
of the respective charged fields and omit the scalar mix- 
ing parameters. 

We recall that the model conserves the T = L + B 
quantum number; L is the total lepton number and B is 
the baryon number. The assignments are: 



t(u-) = t{v-) = T(p-) = t{ x —) = Hn* ) 



HH 2 



(12) 



and all other scalar fields with T — 0. 

The charged currents coupled to the vector bosons are 
given by 

C cc = -JL (Ul1 u V C kmD l W+ - V L -fV w l L W+ 

+ ¥ Ll »VuVlv L V+ - V[>fV u l L U++) + H.c, (13) 

with the mixing matrices defined as Vqkm = (Vl) Vl m 
the quark sector; and Vw = E v j}E L , Vu = E^E^ in the 
leptonic sectors. 

We have the trilinear interactions involving one vector- 
and two scalar-bosons which are of the form (up to a 
ig/\/2 factor): 

C V2S = g „ x+x — w + + x -d^ x ++ W- + d»h+Hi~W+ 

+ d^H++h-w- + d»p- P ++v- + d»p-p+V+ 

+ h+d»H 2 -V+ + d^H++V- + {48^+ 

+ Vi^vt + h£d»ht + h+d fl h+) U~- + H.c. . (14) 



There are also trilinear interactions involving two 
vector- and one scalar-bosons (the \~ scalar couples to 
ordinary and exotic quarks and for this reason it is not 
of our concern here). They are given by (up to a g 2 /2 
factor) 



C 2VS =^-H++W~ -W- 



-^H++V- -V- 
2 2 



+ (v P P ++ + v x X ++ + V -f{Ht + + H++) 



w~ ■ v~ 



(15) 



(11) Notice that there is a coupling which is proportional to 



v x and hence it will be the dominant one. 

Next, we write down the trilinear interactions among 
three vector bosons 

C 3V = % 9 ^y+yu+jju— + y+yv+un— 
v2 



+ w v+ v»+u--) 



(16) 



where = d^W v — d^W^ and so on. 

Finally, we have trilinear interactions among scalar- 
bosons only 



-3S 



f: 



2 T ct 

X S J f 



H.c. 



(17) 



The couplings fi, 2 have dimension of mass but are both 
of them arbitrary parameters (see next section). Other 
terms like the trilinears f-srj 1 S'r) and f4eSSS and the 
quartic interactions ex(Sr)*)p, X VP V an d ^XP^S violate 
the conservation of T . 



However, as we will show in Sec. IV, when discussing 
the Majoron emission, the model must be modified by 
adding a scalar singlet in order to be consistent with the 
LEP data. 



III. THE NEUTRINOLESS DOUBLE BETA 
DECAY 

Some of the more relevant diagrams of the ((3/3)q v de- 
cay in the present model are shown in Figs. ^-^|. Our goal 
is to analyze the order of magnitude of each diagram and 
to obtain constraints on some mass scales of the model. 
We will consider the diagram in Fig. [j] as the reference 
one, i.e., it is the diagram that already exist in the stan- 
dard model framework with massive Majorana neutrinos 
and which is parameterized by two effective four-fermion 
interactions. The other contributions will be considered 
as been at most equally important than the standard one. 

The strength of the diagram in Fig. |l| is given by 



A(l) oc 



(p 2 \ 



Z2G 2 F {M V ) 



(p 2 



(18) 



where (M„) is the effective mass defined in Eq. ([j]) 
and (p 2 ) is the average of the four-momentum transfer 



3 



d L 




e L 
e L 



d L 



FIG. 1. (/3/3)ok decay via light massive Majorana neutrinos. 

squared, which is of the order of (100 Me V) 2 . Below we 
will use a small 5 so that Mi — > M\y and M2 — > My. 

In Eq. (^|) and hereafter we will omit for simplicity the 
mixing parameters. Only in the vertices we will take care 
about the mixing between W and V defined in Eq. (^) 
but in the propagator we will use the masses of W and 
V. 



We recall that a lower limit of 440 GeV is obtained for 
My from the muon decays but when only the bilepton 
contributions to those decays are considered fisj] . How- 
ever, in the minimal 3-3-1 model the scalar-boson con- 
tributions cannot be negligible since some of the charged 
scalar-bosons can be lighter than the vector bilepton bo- 
son V~. Hence, a lighter vector boson V may still be 
possible but this subject deserves a more detailed study 
of the muon decay considering both vector and scalar 
contributions. A contribution similar to that in Fig. [j] 
but with two V~ bosons instead of two W~ bosons may 
be not negligible but it does not constraint the mass My 
as much as those in Eq. (^l]) since the condition that its 
ratio to the A(l) amplitude be less than one gives the 
condition My > My/y/ta-nO. 

All the Lagrangian interactions in Eqs. (||), (|Io|), (fl3|), 
(|l4|), ( fL5| ) and ( |l6| ) are written in terms of symmetry 
eigenstates. We have assumed Yukawa couplings of the 
order of unity. As we are not considering the mixing 
among the scalar fields our constraints are valid only for 
the main component of the symmetry eigenstate scalar 
fields. It means that H~ and H~~ denote the dominant 
mass eigenstates of the singly and doubly charged scalar 
fields, respectively. 

The amplitude of the diagram in Fig. || is 



A{3) oc 



{M v ) 



(P 2 >M£_ 



(22) 



d 



L 



e R 



V 



FIG. 2. The same as in Fig. 1 but with one bilepton vector 
boson V~ replaced by a vector boson W~ . 

Next, let us consider the diagram in Fig. || which has 
the strength given by 



A(2) cx 32G|, 



and we have the ratio 



A(2) _ (M w 



M w y 4sg 

M v 



tan( 



(19) 



(20) 



A(l) V M v J (M v ) 
and if A(2)/A(l) < 1 we have that 

M v > 2.2 x 10 4 M W \/tan7 = 1.79 x 10 6 \/tan7GeV. 

(21) 



e R 
e R 



d L u R 
FIG. 3. Charged scalars contribution to the (/3/3)o^ decay. 

The scalar contribution in Fig. |^ can be as important 
as the standard one in Fig. 0. We have 



A(l) 



1 



32G%M%_4> 



(23) 



and assuming that A(3)/A(l) < 1 and eg = 1 we get 

M H - > 124 GeV. (24) 



From Eq. ( [L5D we see that the contribution 
v x x ++ W~V^~ is the dominant one in diagrams like that 
in Fig. ^. As we said before we will omit the mixing an- 
gles, i.e., assuming \ ~ H • Hence we have 



A(A) cx 



M^M V M%. 



2 2 

-CgSg. 



(25) 



4 



v~ 



w 



FIG. 4. New contribution to the (/3(3) 0l/ decay in the 3-3-1 
model. 



Next, we note that 
A(4 )cx v x 



(P 2 



A(l) ~ (M u ) 32G%M^M^M%_ 

5.33 x 10 15 tan 2 6 , 



tan 

^4 



(26) 



where we used (M v ) = 0.2 eV §, v x = 3 TeV and (p 2 ) = 
(100 MeV) 2 . If A(4)/A(l) < 1 it implies 



M v > 7.3 x 10 7 tang ( 1GeV ^ 



(27) 



Similar analysis arises by considering Fig. ^[ however it 
is less enhanced than the contribution of Fig. ^ because 
instead of v x it appears the momentum of one of the 
vector bosons, p ~ y/ (p 2 ). 

d L U L 



W~ 



IJ- 



d L u L 
FIG. 5. The same as in Fig. 4 but only involving vector 
bosons. 



If A(6)/A(l) < 1, and assuming eg = 1 and M H - = 
124 GeV, we obtain the constraint 



< 2.1 



10 -8 GeW 



(30) 



For arbitrary U(1)n charge for the scalar multiplets 
the symmetry of the potential is SU(3) L ® [^(l)] 2 - If 
the triplet r\ and the sextet S have both N = 0, as it 
is the case for the present model, the trilinear couplings 
/i ; 2 break the extra U(l) symmetry. We have verify that 
if both /i : 2 = there is indeed a pseudo-Goldstone bo- 
son p0[ . It means that /i^ are arbitrary parameters and 
in principle they can be small (say 1 GeV), or large (say 
1 TeV) mass scales. 

We see that if / = 1 (10~ 3 ) TeV then M H — is greater 
or of the order of 300 (10) TeV. For this value for the mass 
of the doubly charged scalar field and 9 small the con- 
straint given in Eq. ( pl| ) is stronger than that of Eq. (|2^). 
For instance if tang = 10 -8 we have from Eq. (21) that 
My > 179 GeV. 





u R 


H~ 




e R 




H — \ 


H~ 


e R 



d L u R 
FIG. 6. Pure scalar Higgs bosons contribution the (/3f3)ou 
decay in the 3-3-1 model. 

There is also a diagram in which the doubly charged 
scalar field in Fig. ^ is substituted by a vector boson 
U . Although the interactions in Eq. (14) are propor- 
tional to g they are also derivative and proportional to 
the momentum p ~ \J (p 2 )', hence it is suppressed with 
respect to the diagram in Fig. ||. 



More interesting are the contributions involving trilin- 
ear scalar interactions given in Eq. (|l7| ) like that of the 
diagram in Fig. ^. We have in this case 

/ 



A(6) oc 



(28) 



where Mjj- represents a typical mass of the singly 
charged scalar bosons, say 124 GeV; Mh-- is the mass 
of the doubly charged scalar boson and / is the trilinear 
coupling fi or / 2 in Eq. (|l^) with dimension of mass. 
The ratio of these amplitudes is: 



A(l) " 32G 2 F M H 



oc 



f(p 2 



//GeV 



4.8 x 10 7 



M 2 



. /GeV 



(29) 



IV. MAJORON EMISSION 

If the T quantum number is spontaneously broken as 
in the present model, it means that a Majoron-like bosons 
does exist. Since the scalar field that is responsible for 
the breakdown of that continuous symmetry is a\, and 
it belongs to a triplet of the subgroup SU(2) ® U(l), 
this Majoron-like Goldstone has similar couplings that 
the triplet Majoron model of Ref. pi}| . It is well known 
that this sort of Majoron model has been ruled out by 
the LEP data (22). Apparently, since the Higgs sector of 
the present model is rather complicated having a neutral 
scalar singlet (under SU(2) ® U(l)), x°j it seems that 
the Majoron-like Goldstone in this case it will be able 
to avoid the LEP constraints as claimed in Refs. Jl5| , p3]| . 
However, we will show that this is not indeed the case. 



5 



The mass matrices of the scalar and pseudoscalar in 
this model have been given in Ref. jlfj ]. Here we will 
only give the results of the mass eigenvalues and the re- 
spective mixing matrix in the CP-even scalar sector. The 
argument in Ref. pa] was the following. Let us begin 
with the relation Rf= £\ O^H^ where H$, j = 1, ...5, 
denotes the mass scalar eigenstates and Ra the real com- 
ponent of the scalar field a® according to the general 
shifting of the neutral scalar fields in the scalar potential 
of the form X? -> (l/y/%(v Xi + Ri + Hi), i = 1,2,3,4,5 
where X? = r], p, x, 01,02 respectively. In this case if 
Hi denotes the lightest scalar boson (Mh 1 < Mz, we 
are assuming a mass spectrum where Mff 4 < Mff. if 
i < j), the contribution to the decay mode Z° — > H^M® 
is r| ?M0 = 2|0| 1 | 2 r^. Hence, if lO^I < 1CT 2 the 
model would be consistent with the LEP data i.e., now 
^h°m° wou ld be reduced to an acceptable level. 

First of all recall that as shown in Ref. |H the 
Majoron-like boson decouples from the other pseu- 
doscalar fields i.e., Imer^ = I4 = M°. For instance, using 
the same values of the VEV and /1.2 = —1 TeV and with 
the dimcnsionlcss constant of the scalar potential given in 
Ref. H with A fe = 0.1 for k = 1, 2, 3, 4, 5, 6, 7, 8, 9, 18, 20, 
X m = 0.01 for m = 13,14,16,17, A„ = 0.001 for 
n = 10, 11, 12, 19 and A15 = 0.05 we obtain the following 
masses in the scalar sector (0.056,102,1342,3626,4325) 
GeV and the mixing matrix (up to three decimal places) 



O 



/ 0.0 0.081 -0.010 0.996 0.021 \ 

0.0 0.995 -0.029 -0.082 0.039 ' 

0.0 -0.030 -0.999 -0.008 0.004 

1.0 0.0 0.0 0.0 0.0 

V 0.0 0.040 -0.005 0.017 -0.999 / 



(31) 



This pattern of mixing matrix remains the same for sev- 
eral values of the parameters provided that v ai is a small 
VEV restricted to the condition that it has to be smaller 
than 3.89 GeV |§. From Eq. @ it can be seen that 
the scalar partner of the Majoron is always mainly the 
lightest scalar i.e., IC^I ~ 1 and it would be always pro- 
duced at LEP. We see that the Majoron in the minimal 
3-3-1 model has been also ruled out by the LEP data. 

One possibility to recover consistency with the LEP 
data is to break explicitly the T symmetry by adding 
trilincar terms like f 3 r] T Sr/, fi^S'p in the scalar poten- 
tial, see Eq. (|l7j). In this case there is no Majoron at 
all and although v (7l still has a small value, due to / 3 all 
scalars are heavy enough to not be produced at the LEP 
energies p4] , p5[ . Of course, in this case there is no con- 
tribution to Majoron emission in the neutrinoless double 
beta decay. However, our results in Sec. Ill are still valid 



since they depend only on the small value of v ai . 

Another possibility which we will consider here is to 
modify the model by introducing a scalar singlet E°, 
which carries T = 2 (or L = 2), in the same way as con- 
sidered in Ref. §|,|7| in the context of a SU{2) <g> 17(1) 
model. In this case we have to add the following terms 
to the scalar potential in Ref. pa] 



V(Xi, E) = ,j 2 E 2 + A 21 E 4 + [ X x t Tr (Xjx^ 2 

i 

- KTfS^rjT. + H.c] (32) 

where Xj denotes any triplet 77, p, \ or the sextet S, and 
we will denote X Xi as A22,23,24,25 respectively and k > 0. 
The neutral Higgs sector contains six CP-even scalars and 
three massive CP-odd pseudoscalar beside the massless 
CP-odd Majoron. The neutral scalar singlet also gains a 
VEV, i.e., E = (us +Rq + He)/ v2, and the mass term is 
given by M 2 /2, where M 2 in the pseudoscalar sector in 
the basis I\, I2, 13, 14, 15, Ie is given by (the constraints 
equation appear in the Appendix) 



Mn = 



A 



16 V p U <T2 

2V2 v n 



2Ai 7 < 



2V2 



(Xl5V x V 



h"0p)— +2kv <7i v s + - 1 



M 22 
M 33 

M44 
M 55 

Ml2 

M15 

M 23 
M 26 

M45 



-hV2f lVv + f 2Va2 )^ + hL 7 

4 v x v x 

v 2 v s t ai 



2v ai v ai ' 
' (Ai 5 ^-A 16 ^)^L 



2V2 
M 66 = 
fx 



4 v n 



' 2w s 



— j=u x , Ml 3 = --^ V P> Mu = -KV V VE, 



1 



(X15VI - Ai 6 V 2 ) + 2Xl7VrjV„ 2 , Ml6 = KV v V a 



2V2 

-\{V2f 1 V r , + f 2 Va 2 ), M 2 



0, M 34 = 0, M 3S 
v 2 

0, M 46 = -^, M 56 



4 "p> 
0. 



= 0, 

M 36 



M 25 
= 0, 



h 



(33) 



The mass matrix above has two true Goldstone bosons 
G\ 2 and the Majoron-like one, M°, and three massive 
CP-odd pseudoscalar bosons. The massless ones are 
given by 

G? = (0, v p /v x , -1, 0, 0, 0)/(l + vl/vl) 1 ' 2 

r o = v P v l v l v x 2v ai vl 2v 2 , i vz 

(34) 



M° = (0, 0, 0, VvJve, 0, 1)/(1 + v 2 ai /vl) 1 ' 2 



where Vx = v a2 (v 2 + v 2 ), V 2 = v a2 (v 2 ai + u|); TV is the 
normalization factor that wc will omit here. We have ver- 



ify that M° in Eq. (34) is in fact the Majoron: by adding 
an explicit 7"-violating term, like f^rj 1 " Srj, it gets a mass 
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while the other two G12 remain massless. The massive 
pseudoscalars, for the parameters used before have the 
following masses (in GeV): 174, 3625 and 4325. On the 
other hand, if v (T1 — 0, which forces k = 0, the Majoron 
is purely singlet and the real and imaginary parts of a® 
are mass degenerate, i.e., form a complex field, with mass 



9 2 
v v 

m ai = nl + X w vl 2 + (A12 + A19) y + Ai 3 y 



+ Ai 



A 



25- 



(35) 



We see that in this case the Majoron has not dou- 
blet components at all and it is mainly singlet. Hence 
it is possible to keep consistence with LEP data. Al- 
though there are astrophysical constraints (the Majoron 
emission implies a different rate for the stellar cooling) 
that have to be taken into account ^8|, in the basis we 
have chosen they are less severe since we have avoided the 
doublet component of the Majoron. Any way, since these 
constraints have been already considered in Ref. |27]] and 
they imply that v ai < 0.33 GeV if vs = 1 TeV, we will 
use these values for v ai , t>£. 

Once we have shown in what situation there is a safe 
Majoron-like boson in the present model we can consider 
the emission of this Goldstone boson in the neutrinoless 
double beta decay. In fact, as in the triplet Majoron 
model, in the present model it is possible to have the 
neutrinoless double beta decay with Majoron emission: 
2n -> 2p + 2e- + M° @, denoted here by (f3/3) 0vM . We 
will denote the strength of the amplitude of the diagram 
i of the (Pf3)o V M decay by B(i). This decay proceeds via 
the diagram in Fig. ^ and it has an strength proportional 
to 



B{7) oc 



4- 



(P 2 



(36) 



where X can be an scalar or a vector boson, i.e., the 
diagram in Fig. |?j can be formed with anyone of Figsj|, 
H or H with a Majoron attached to the neutrinos. The 
couplings between neutrinos and the Majoron are diag- 
onal and given by m v /v ai . Notice that in Eq. ( |36| ) it 
appears the truly neutrino mass instead of the effective 
mass {M v ) defined in Eq. (0). However we still can as- 
sume that neutrinos have small masses and numerically 
m v w (M„). We will assume also that the contribution 
to the (/3/3)oyM-decay in Fig. ^ with X~ = W~ is the ref- 
erence one. This diagram depends only on the neutrino 
masses and mixing angles, and we will compare it with 
other contributions like the one in Fig. ||. The couplings 
of the Majoron to the vector bosons are proportional to 
v ai and so they are negligible. We will consider only the 
diagram with the Majoron coupled to the scalar H~ since 



it is proportional to the trilinear f 2 shown in Eq. (17) 
We have 



5(8) 



fh 



M H- M H— 



(37) 



with / can be /1 or f 2 - 
Let us consider the ratio 

B(7) 



A(l) 



32G 2 F Mj c (M u )4v^ 



(38) 



where we have introduced the factor Q which denotes the 
available energy. It implies that the diagram in Fig. 
is a potentially important contribution when X is the 
W vector boson since for Q ~ 3 MeV |50) the suppres- 
sion of -6(7) will depend mainly on the value of W£. If 
B(7)/A(l) < 1 we obtain that u E > 1.65 x 1CT 2 GeV 
which is automatically satisfied. 

d u 



v 
v 



M° 



X~ 



d u 

FIG. 7. Contribution to the Majoron emission (/3P)ovM de- 
cay. X~ can be a scalar or vector boson. 

On the other hand, comparing the amplitudes of the 
diagrams in Figs, [f] and || we have 



B(7) 



(39) 



and for M x = My = 400 GeV and u E = 1 TeV, using 
typical values as / = /1 = fa = — 1 TeV, M H - = 124 
GeV and Mjj-- = 500 GeV, and the other parameters 
in Eq. ©, we have that B(8)/B(7) w 1.3 x 10 9 or; 
B(8)/B(7) w 1.5 x 10 3 if f 1= f 2 = f= -lO" 3 TeV. The 
relative importance of the processes in Fig. 7 and 8 will 
depend on the values of the trilinear parameters and on 
the value of vs. 



d L 



u R 



II- 



II- 




d L ur 
FIG. 8. Trilinear scalar coupling contributing to the 

(PP)auM decay. 



V. CONCLUSIONS 

We see that in the 3-3-1 model, like in other mod- 
els with complicated Higgs sector |pt^2|, besides the well 
known mechanism of exchanging massive Major ana neu- 
trinos between two standard model V — A vertices, there 
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are new contributions involving the exchange of scalar 
bosons. However, unlike similar mechanism in the con- 
text of extensions of the standard model there is no need 
of fine tuning in order to have trilinear scalar couplings 
giving large contributions to the several neutrinoless dou- 
ble beta decay modes. Notice that effective interactions 
from diagrams like those in Fig. |^ are still parameterized 
in the form of two general four-fermion effective interac- 
tions (they are point-like at the Fermi scale) exchanging 
a light neutrino in between ]3l| . However, contributions 
involving trilinear interactions like those in Figs. ^, and 
H necessarily need a six-fermion effective interaction pa- 
rameterization. 

Another important point to be stressed here is that in 
the present model the double Majoron emission: 2c? — > 
2p + 2e~ + 2M° may be as contributing as the decay 
with only one Majoron boson. This decay is expected to 
be important in supersymmetric models [ ^2| , ^3| . In the 
present model it can occur because in diagrams like that 
in Fig. H a second Majoron can be attached to the scalar 
lines. Since this coupling is proportional to the trilinear 
/2 it is still possible that the suppression coming from 
the mass square in the denominator do not sufficiently 
suppresses this process (there is also an important con- 
tribution coming from the vertex v x \~ rf^ M°) . There are 
also contributions similar to the one in Fig. || but now 
with the scalar-Majoron vertex above being substituted 
by the vertex W~V + M° which is proportional to g 2 v a2 
and for this reason it is not necessarily suppressed. It is 
interesting to note that this sort of contribution to the 
(/3/3)oi/A/Af decay, coming from adding another trilinear 
coupling in the diagram in Fig. |8[ which is not deriva- 
tively suppressed, was not considered in Ref. Q . Recent 
experimental data on Majoron emission decays have been 
constrained only the effective Majoron-neutrino coupling 
constant ]|(J. Other processes like the double K cap- 
ture [ p9[ can also be important in the present model. 

Some comments are now in order, i) We have not 
considered possible cancellations among several contri- 
butions to each diagram. It means that our constraints 
are valid, as we said in Sec. Ill, for the main component 
of each scalar field of the singly and doubly charged scalar 
sectors. 

ii) Our results were obtained assuming that all new 
contributions, say to the (/3/3)oi/ decay, are at most as 
important as the contribution due to a light massive Ma- 
jorana neutrino exchange which is proportional to (M u ). 
However, we can wonder what would be the value of the 
effective mass (M v ) if we use the oscillation data and di- 
rect measurements on neutrino masses. Recent analysis 
shown that assuming a normal mass hierarchy the effec- 
tive mass parameter can take any value from zero to the 
present upper limit [Q. In fact, if the data on oscil- 
lation is put together with that from decay and 
tritium beta decay, it was shown that if the minimum of 
(Mj,) with respect to the mixing angles is greater than 
the present bound of 0.2 eV, then neutrinos are quasi- 
Dirac particles [33]. As discussed previously, the black 



box of Ref. H may induce a negligible Majorana mass to 
the neutrinos and in the context of the present model we 
must interpret this situation as an indication of the fact 
that the main contribution to the {(3(3)q v decay is not the 
diagram in Fig. 1. In this case the neutrinos would be 
almost Dirac particles and the constraints on the several 
mass scales of the model should be obtained by compar- 
ing directly these contributions with the lower bound on 
the half life T°Y 2 > 1.8 x 10 25 yr §. 

Hi) In the basis we have chosen, see Eq. (|i|), the Ma- 
joron couples at the tree level only to neutrinos, and 
hence the constraints on the v-v-M vertex, coming from 
muon (fi — > evvM), pion and kaon n + (K + ) — > WM 
decays, are the same as in Ref. [[33|. The existence of 
the vertex ve~V + , which is proportional to sin# and for 
this reason is not relevant for laboratory processes, may 
have, as we said before, important astrophysical conse- 
quences p5[ . 

iv) phenomenology of non-zero initial electric charge 
processes, like e~e~ and hadronic ones, will furnish con- 
straints on the trilinear vertices appearing in Figs. ^, |^ 
and |6| but this will be considered elsewhere. The 3-3-1 
model has a rich scalar sector indeed. This implies that it 
may be, in principle, difficult to separate, in a given pro- 
cess, the contributions of all fields belonging to a charged 
sector. However, it has been shown that in lepton-lepton 
colliders the left-right asymmetries are not sensible to the 
scalar contributions. It means that those asymmetries 
are the appropriate observable for the doubly charged 
vector bilepton discovery |3^j . We see that the opposite 
occurs in the {(3(3)^ decay: it is possible that the main 
contribution comes from the doubly charged scalar bo- 
son, through the diagram in Fig. |^, while the respective 
vector boson contribution seems to be negligible. 

Finally we would like to compare our Majoron model 
with that of Schechter and Valle (^6|. Firstly, we notice 
that although our model has two singlet, three doublets 
and a triplet of scalars under the subgroup SU{2)®U{1), 
the respective scalar potential is not reduced to the scalar 
potential invariant under the standard SU(2)®U(1) sym- 
metry, involving the same multiplets. For instance in our 
model there are cubic invariants which are not present 
in the former. Secondly, we have not introduced right- 
handed neutrinos and for this reason we have only light 
neutrinos. It means that the singlet £ does not couple to 
the leptons and that the coupling of neutrinos to Majoron 
and Z° are diagonal. Thus, the decays vg — » vl + M a 



and vh — » vl- 



are not induced at the tree level, 



where vjj, although light, is heavier that v^. The decay 
vh — > v c L + M° is produced at the one loop level due 
to the mixing between W and V. The vertex is propor- 
tional to (<7 2 /v / 2)(w (J2 u (Tl /ws); then even with v a2 of the 
order of 10 GeV and of the order of 1 TeV the life- 
time is of the order of the age of the universe. (The decay 
vh — ► vl + M° also occurs but the vertex involved is pro- 
portional to (g 2 /y/2) (v^ /fg)-) Notice also that in the 
basis given in Eq. (M) the Majoron does not couple to the 
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charged leptons so there is not the process 7+e — > Af° + e [1] 
at the tree level which imposes severe astrophysical con- 
straints in v ai as has been noted in Ref. ETJ . 
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